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Introduction
Adsorbed carbon atoms on group VIII metals are reaction intermediates [1] [2] [3] [4] [5] [6] in the formation of hydrocarbons from synthesis gas. The formation of carbonaceous intermediates from CO disproportionation on these metals has been studied [7] [8] [9] . On rhodium three types of carbon [10] [11] [12] [13] [14] can be produced from CO adsorption at temperatures above 250 ~ C: C~, Cr and Cv. C~ species, first detected by Solymosi [10, 11] are hydrogenatable to methane even at room temperature. C B is hydrogenatabl6Between 200 and 300 ~ to methane. Cv is less reactive graphitic like carbon hydrogenatable above 330 ~ and total removable by oxidation at 360 ~ C.
Rhodium catalysts are often promoted by highly oxophilic promoters [15] [16] [17] [18] [19] like vanadium which increases selectivity for both oxygenates and higher hydrocarbon products during synthesis gas reaction while increasing the total activity. Vanadium promotion appeared to increase the amount of C~ carbon formed from CO disproportionation [20] . This is a function of the CO adsorption temperature. The reactive C~ species are important intermediates which can react towards methane, C2-intermediates or C20-intermediates. The relative reactivity towards methane is determining for the maximum selectivity of the catalyst towards other products. In order to understand the promoting action of oxophilic promoters, it is essential to study changes in reactivity of adsorbed carbonaceous intermediates. The influence of vanadium promotion on the reactivity of adsorbed C atoms towards hydrogenation and carbon-carbon coupling on rhodium based catalysts is studied.
Experimental
A 3% wt. rhodium catalyst was prepared by dry impregnation of an aqueous RhC13 solution on silica (Grace 332). The mean rhodium particle size after reduction is 22 A as concluded from TEM and CO chemisorption. After drying and reducing at 300 ~ for 24 hours vanadium was post impregnated from a solution of NH4VO3, (Rh/V = 3 mol). This post impregnation did not affect the rhodium particle size. The vanadium caused a reduction of the CO chemisorption capacity of 50-55%. This was independent of the reduction temperature between 200 and 450 ~ C.
Reactive C~ carbon species were created during CO adsorption flowing 10 minutes 55 ml/min of diluted CO with a partial pressure of 0.5% CO in He at 1 arm over the catalysts. The adsorption temperature was chosen in such a way that the surface coverage of reactive carbon was the same on the Rh and RhV catalysts (respectively 390 and 340 ~ C). This was confirmed with Temperature Programmed Surface Reaction experiments in which 14 percent of the total methane formation was at a temperature below 100 o C. After CO adsorption the catalyst was quickly cooled in a helium flow to reaction temperature at which reactivities were tested.
The hydrogenation reaction rate of the reactive carbon species was studied isothermally in a flow of 55 ml/min of 8% hydrogen in helium at 1 atm. All gases were purified with BTS (reduced copper) and molecular sieve. Analysis was performed with a Quadrupole Mass Spectrometer in which 8 masses could be detected every second.
The influence of reactive carbon on the synthesis gas reaction was studied with transient experiments, in a system in which it was possible beside continually monitoring with a QMS, to store 16 loops of 0.3 ml of reaction gas. The reaction gas samples were analysed afterwards with a gas chromatograph (12 meter of a wide bore plot q column) as shown in fig. 1 .
The dead volume of the system was reduced as much as possible to avoid mixing of the gasses. For correct transient information it appeared to be important to create the same pressure in both flow systems before switching. After creating reactive carbon and cooling to 200 ~ C, the flow over the catalyst was changed to 67% H 2 in He or to synthesis gas (H2/CO = 2), with a flow of 15 ml/min, at atmospheric pressure. During the start of the reaction 15 loops of reaction gas were stored and analysed afterwards. In this way a time based GC experiment could be performed. Such a system is necessary when a mass spectrometer can not separate all components or when it is not possible to measure them quantitatively.
Results
After depositing reactive carbon the hydrogenation activity towards methane was investigated at different temperatures. After switching to the diluted hydrogen flow methane curves were detected. Assuming a reaction first order in adsorbed OL carbon, which is true for low Oco, and the hydrogen partial pressure to be constant, the decreasing part of the methanation curve can be used to deduce the reaction rate constant. The in this way obtained k values from Rh and RhV catalysts are compared in fig. 2 .
The hydrogenation activity of the carbon species on the rhodium catalyst is found to be 7 times higher than on the vanadium promoted catalyst. The activation energy for this reaction appears to be about 30 kJ/mol.
Also hydrogenation experiments were performed at 200 ~ C. The formation of hydrocarbons from reactive carbon during this hydrogenation was studied using the time based GC equipment. In fig. 3 the initial concentrations of hydrocarbons are plotted for the Rh and RhV catalysts. It is clear that the reactivity of the reactive carbon species towards higher hydrocarbons is increased by the vanadium promoter. This increased reactivity can not be due to a higher concentration of carbon species because the initial Oco was the same on both catalysts. The increased reactivity must be due to a changed intrinsic reactivity of the CH x species. The deduced alpha values of this kind of Schulz-Flory plot are very low and methane is the main product on both catalysts. However the chance for coupling of carbon fragments is five times larger on the vanadium promoted catalyst.
The same experiment was performed using synthesis gas instead of the hydrogen helium mixture. The initial formation of hydrocarbons at 200 ~ during the start of the synthesis gas with an initial surface concentration of reactive carbon species of about 14 percent is plotted in fig. 4 .
From fig. 4 it appears that the rate of initial methane formation is about the same for both catalysts. Again more C2+ hydrocarbons are produced on the vanadium promoted catalyst. This implies that the carbon-carbon bond forma- Carbon Chain Length Fig. 4 . The formation of hydrocarbons during the start of a reaction with synthesis gas after deposition of reactive carbon.
tion rate on the vanadium promoted catalysts at the same initial surface coverage of carbon species is enhanced. So also during the synthesis gas reaction the higher intrinsic reactivity of the adsorbed carbon species towards C2+ hydrocarbons is shown. The rates of hydrocarbon formation during the start of a synthesis gas reaction was compared with and without predeposition of reactive carbon. The results for propane to pentane are given in figs. 5a and b.
CO adsorbing at 200 ~ on a rhodium catalyst will not produce any reactive carbon. However in the presence of hydrogen the temperature for CO disproportionation is lowered [21-23[ . So even at 200 ~ C hydrocarbons can be produced from synthesis gas. Also without predeposition the initial formation rate of hydrocarbons is higher than during the steady state reaction which exists after about 30 min. This is due to the fact that the first CO molecules that adsorb on the rhodium surface can be relative easily dissociated because free metal ensembles, necessary for this reaction are present. On a CO covered rhodium surface the amount of free metal ensembles is much less, and therefore the rate of CO dissociation and hydrocarbon formation decreases. When Oc~ is higher after CO decomposition, more C 3 to C 5 species are formed suggesting that hydrocarbons are indeed created from C a species. For the RhV system it seems that there is no significant difference between the hydrocarbon formation with and without predeposition CO. Apparently there is not much difference in the amount of reactive carbon formed at 200 ~ during the start of a synthesis gas reaction compared to CO deposition at 340 ~ C. This implicates that also in the abundance of hydrogen the formation of reactive carbon on rhodium catalysts is enhanced by vanadium [20[ . kco and kcH ~ could be separately measured. The ratio of kcHx/kco for a Ru/A1203 catalyst was reduced by vanadium and molybdenum promotion. The difficult step during hydrogenation of adsorbed C atoms on metal partides is related to the bond strength of the adsorbed CH x intermediates. A slower hydrogenation is therefore probably due to a greater interaction between the carbon fragments and the metal surface. This will lead to a better selectivity for higher hydrocarbons if C-C coupling is unaffected. This suggestion disagrees with an alternative proposed by Meriaudeau [24] who suggested that carbon-carbon bond formation is stimulated by more mobile CH x fragments on rhodium catalysts which is enhanced by TiO 2 promotion.
The relation between stronger adsorbed carbon and coupling of carbon fragments was also studied with quantum theoretical calculations using the Atom Superposition Electron Delocalization molecular orbital theory as described by Anderson [25, 26] . The ASED method is based on Extended Huckel calculation in which a repulsion term is added. Calculations on a 40 atom cluster simulating the (111) surface of an f.c.c, crystal indicate that the activation energy for C-C coupling is rather insensitive to the metal-carbon bond strength. The bond strength as well as recombination paths have been studied by varying the number of valence electrons per metal atom. Table 1 shows the results for the optimum M-CH x bond strength for the species at their favoured adsorption sites. Figure 6 demonstrates the potential energy as a function of the reaction coordinate. Whereas the metal-carbon bondstrength decreases in order Ru > Rh > Pd, the activation "energy for carbon-carbon bond formation is not much changed. Different orbitals are involved in carbon-carbon bond formation than in metal carbon bond breaking. This result is in agreement with the LCAO calculations of Feibelman [27] which indicated that carbon binds more strongly on Ru than on Rh and Pd. Experimentally it is found [28, 29] that the selectivity for C2+ hydrocarbons in synthesis gas conversion reaction decreases from Ru to Pd. So for good C2+ hydrocarbon selectivity the interaction of adsorbed C fragments has to be high. The mean residence time of CH x fragments is increased which makes -~ -7.0 the chance for C-C bond formation greater. However this is only valid within the discussed range of metal-carbon bond strength. If the interaction of carbon atoms with metal surface becomes very large (e.g. tungsten), stable carbides can be formed which can lead to strongly reduced catalytic activity.
In conclusion, both the experimental and theoretical results show that an increased metal-carbon interaction can increase C2+ hydrocarbon selectivity.
